A hip joint flexor moment in the last half of the stance phase during walking has repeatedly been reported. However, the purpose of this moment remains uncertain and it is unknown how it is generated. Nine male subjects were instructed to walk at 4.5 km/h with their upper body in three different positions: normal, inclined and reclined. Net joint moments were calculated about the hip, knee and ankle joint. The peak hip joint flexor moment during late stance was significantly lower during inclined walking than in the two other conditions. During normal walking the iliacus muscle showed no or very weak activity and first at the transition from stance to swing. When walking reclined, a clear but rather low activity level of the iliacus muscle was seen in the first half of the stance phase, which could contribute to the hip moment. In the inclined condition the iliacus showed much increased activity but only in the swing phase. It is concluded that the hip flexor moment in question is largely generated by passive structures in the form of ligaments resisting hip joint extension.
Both during walking and running, a rather large flexor moment about the hip joint in the last half of the stance phase has been repeatedly reported (e.g., Pedotti, 1977; Mann and Sprague, 1980; Winter 1983 Winter , 1988 Winter et al., 1990; Simonsen et al., 1997) . Obviously, this moment seems to oppose horizontal progression, but it has been argued that it should serve the purpose of balancing the upper body (Mann & Sprague, 1980; Hunter et al., 2004) . The obvious reason for this would be not to release the upper body backward, especially during pushoff. It has also been argued that the hip flexor moment decelerates the extension of the hip joint and pulls the hip joint into flexion, which progresses into the swing phase (Winter, 1988) . In elderly the moment has been observed to increase (DeVita & Hortobagyi, 2000) as well as in patients with hip dysplasia (Pedersen et al., 2004) .
A possibility exists that the hip joint flexor moment in question could partly be due to passive elastic structures, e.g., ligaments resisting hip joint extension (Yoon & Mansour, 1982; Riener & Edrich, 1999; Silder et al., 2007) . However, if the hip joint flexor moment is generated partly or completely by muscles, the primary movers have to be the psoas major, iliacus (IL) and/or the rectus femoris (RF) muscle, the tensor fasciae latae and the sartorius muscle presumably being too week for such a task (Wickiewicz et al., 1983) . Andersson et al. (1997) recorded fine wire intramuscular EMG from the iliopsoas and the RF during level walking. At the speed of 3.6 km/h, the IL and the psoas major were activated very close to the end of the stance phase and at 5.4 km/h the activity started a little earlier but still too late to generate the hip joint flexor moment during the stance phase. The RF was active in the first part of the stance phase and during the swing phase at 3.6 km/h while at 5.4 km/h it only showed one burst about the transition from stance to swing (Andersson et al., 1997) . Cappellini et al. (2006) observed very low or no IL activity (surface electrodes) during walking at 3 km/h or 5 km/h while the RF seemed to have a low burst of activity at the very end of the stance phase. Gottschall and Kram (2005) reported IL and RF activity by surface EMG at the transition from stance to swing at 4.5 km/h. Among several others, Hof et al. (2005) reported a low RF burst at the time of toe-off but with a much variable size. Accordingly, the activity periods reported for the hip joint flexor muscles were situated too late in the stance phase and the muscular explanation for the relatively large hip joint flexor moment during the last half of the stance phase is unknown.
The purpose of the current study was to investigate whether the hip joint flexor moment is generated to balance the upper body and find possible explanations for the origin of the moment. The hypothesis was that walking with the upper body reclined would demand an increased hip joint flexor moment during the stance phase while the inclined position would reduce the moment. The EMG activities of iliacus and RF were also assumed to increase during the stance phase in the reclined condition attempting to tilt the pelvis forward and thereby help to the keep upper body in balance. If this muscle activity would not increase in the reclined condition and not decrease in the inclined condition, we would assume that the flexor moment is generated by passive structures and probably not responsible for upper body balance.
Method Subjects
Nine healthy male subjects volunteered to participate in the experiments. They all gave their informed consent to the procedures, which were approved by the local ethics committee. Mean age was 26 (24-29) years, mean body weight 81 (70-91) kg, body height 1.81 (1.74-1.88) m.
Biomechanical Gait Analyses
A 10-m-long gait laboratory with five digital video cameras and two recessed force platforms were used to record the gait data. The subjects were taught to walk at 4.5 km/h ±10% by immediate feed back on walking speed, which was measured by photocells. The subjects were instructed to walk with the upper body at three different inclinations: (1) normal position, (2) 25 degrees inclined (forward) and (3) 15 degrees reclined (backward). These positions were demonstrated to the subjects in standing position and afterward they were asked to reproduce the same positions as good as possible during walking.
Fifteen reflective markers were placed on anatomical landmarks according to Vaughan et al. (1992) (Figure 1 ). Five digital video cameras (Canon MW600) operating at 50 frames per second were used to record the movements. The two force platforms (AMTI OR6-5-1) were used to measure ground reaction forces in three directions as well as center of pressure (COP) in two directions. Signals from the force platforms were sampled at 1000 Hz and later reduced to 50 Hz to match the video recordings. Synchronization between video and analog signals was performed by a custom-built device, which was triggered by the first photocell and output a short electronic signal to the sound track on all five video cameras. The Ariel Performance Analysis System (Ariel Dynamics, San Diego, USA) recognized the synchronization signal, which occurred approximately 20 frames (400 ms) before heel strike. Likewise, the sampling of the analog signals was triggered by the same photocell. Three complete step cycles were analyzed for each subject at each inclination. After digitization of the markers, three-dimensional coordinates were constructed by direct linear transformation using the Ariel Performance Analysis System. All coordinates were low pass filtered at 6 Hz by a 4th-order Butterworth filter. The filtered coordinates were input to software written in MatLab together with data from the force platforms. Three-dimensional joint moments were then calculated by inverse dynamics according to Vaughan et al. (1992) and expressed relative to body mass. Muscle power about the hip joint was calculated by the dot product between joint angular velocity and the net joint moment. The three trials in each walking condition were normalized to 100% gait cycle and averaged for each subject. Systematic peaks from the time course pattern of joint angles and joint moments in the sagittal plane were extracted from the averaged data, as previously used by, e.g., Winter (1988) , Pedersen et al. (2004) and Henriksen et al. (2006) (Figure 2 ). 
EMG Recordings
Electromyographic (EMG) activity was recorded from seven leg muscles on the right leg: m. vastus medialis (VM), m. rectus femoris (RF), m. biceps femoris (BF), m. semimembranosus (SM), m. adductor magnus (AM), m. gluteus maximus (GM) and m. iliacus (IL). Ten trials close to the required walking velocity of 4.5 km/h were selected for further analysis. Except for IL, bipolar recordings were obtained using surface electrodes (silversilver chloride) with a fixed interelectrode distance of 2 cm (Medicotest Q-10-A prefilled ECG electrodes). The electrodes were positioned over the muscles according to Perotto (2009) . Before mounting, the skin was shaved and cleaned with pure alcohol. The electrodes were connected to lightweight preamplifiers (input impedance of 1 GΩ) each instrumented with an analog to digital converter with 12-bit resolution. The digitized signals were transmitted through thin wires to a small box (weight 70 g) fixed to the back of the subject (MQ8, Marq-Medical, Farum, Denmark). The signals were band-pass filtered (10-1000 Hz) and transmitted wireless using Blue Tooth technology to a PC where they were sampled at 1000 Hz and stored for further analysis.
Intramuscular EMG
Fine wire electrodes were used to record intramuscular EMG from IL. A pair of stainless steel wires (Medwire, NY, USA) with a diameter of 250 µm were stripped of insulation for a few millimeters at each end, inserted in an epidermic needle and sterilized. The distal part of each electrode was bend at the tip of the needle to form a hook, but the tips of the two electrodes were separated by 1-2 cm to provide an appropriate interelectrode distance after insertion. At the proximal end the uninsulated wires were attached to small springs and connected to a preamplifier of the MQ8 system. A safe location for insertion of the wires was found with the subject lying supine, the femoral artery was palpated in the groin on a line between the anterior superior iliac spine and the pubic tubercle. Knowing that the femoral nerve is located about 2 cm lateral to the artery, a point 4 cm from the artery along this line in proximal direction was chosen for insertion of the wires. The depth of insertion was approximately 2 cm. This procedure was developed first on cadaver specimens and later used during kicking experiments (Dörge et al., 1999) .
Maximal EMG activity (maxEMG) was recorded during maximal isometric contractions. EMG during walking was sampled at 1000 Hz while the subjects were walking across the same force platforms used for the movement analysis. A foot-switch was placed under the heel and the first photocell on the walkway triggered a marker, which was sent wireless to the EMG system with a fixed delay of 1 ms (MQ8, Marq Medical, Farum, Denmark). The EMG signals, the footswitch and the marker for synchronization between sweeps were sampled by the software program Vital Recorder (Kissei Comtec, Co, Ltd, Japan). 
Data Treatment
Ten gait cycles of the desired speed (4.5 km/h) were selected and averaged. Before averaging, the EMG signals were highpass filtered at 20 Hz (IL at 50 Hz), lowpass filtered at 450 Hz, full wave rectified and lowpass filtered at 7 Hz to form linear envelopes. Since intramuscular EMG signals consist of higher frequency components than surface recordings, the IL EMG was highpass filtered at 50 Hz to remove any movement artifacts (Winter, 1990) .
The recordings from maximal voluntary contractions were treated exactly the same way and the maximum EMG amplitude was determined for each muscle. These maxEMG values were later used to express EMG during walking relative to maxEMG. The mean EMG amplitude was calculated for the first and the last half of the gait cycle taken to represent the stance phase and the swing phase, respectively.
Statistics
Differences between normal walking and the two inclinations were tested by a one-way ANOVA using the software system MiniTab. Once significance was obtained, a Tukey post hoc test was used to test all three walking conditions against each other. Level of significance was set to 5%.
Results
Mean walking velocity was 4.46 km/h (4.35-4.59) in the normal walking condition, 4.53 km/h (4.42-4.70) in the inclined position and 4.43 km/h (4.35-4.52) in the reclined position, respectively. The duration of the stance phase in percentage of the gait cycle was 63.8% (60.9-66.9) for normal walking, 62.6% (59.8-66.2) for the inclined position and 65.0% (63.5-67.0) for the reclined position, respectively. These differences were statistically nonsignificant. For the ten trials selected for EMG analysis, the walking velocity was 4.48 km/h (4.46-4.49) in the normal condition, 4.48 km/h (4.42-4.63) in the inclined condition and 4.46 km/h (4.39-4.56) in the reclined condition, respectively. None of these differences were significantly different and no significant differences were observed between the video and the EMG trials.
In the normal walking condition, the angle of inclination between the vertical plane and the upper body was 8.2 degrees (SE ± 3.9), in the inclined condition it was 28.7 degrees (SE ± 3.3) and in the reclined condition -6.1 degrees (SE ± -5.7). These differences were statistically significant.
Hip Joint Muscle Power
Significantly more eccentric muscle work was performed by the hip flexors during the stance phase in the reclined and the normal condition ( Figure 3 ) compared with the inclined condition (p < .001). However, during the inclined condition significantly more concentric work was performed by the hip joint extensors in the first half of the stance phase (p < .001) (Figure 3) .
At the end of the stance phase positive (concentric) flexor work was performed in all three conditions (Figure 3 ).
Joint Moments
After heel strike the hip joint moment was extensor dominated for all three conditions. The peak extensor moment (H1) was significantly higher in the inclined position and the shift from extensor to flexor dominance occurred much later in the stance phase (Figure 4) . On the contrary, the flexor peak (H2) in the last part of the stance phase was significantly lower in the inclined position compared with the two other conditions (Figure 4) . The first extensor peak (K1) of the knee joint moment was more than 100% higher in the reclined position than in the two other positions (Figure 4 ). In the middle of stance at K2 the knee joint moment in the reclined position remained significantly higher than in the two other positions, while no differences were observed at K3 (Figure 4) . No significant differences were observed for the ankle joint (Figure 4 ).
Joint Angles
During the inclined condition, the hip joint angle was significantly more flexed at peak H2 and on average during the gait cycle compared with the two other positions (Figure 4) . No significant differences were observed for the knee joint angle, but the ankle joint angle was significantly less plantar flexed at toe off (AA3) in the inclined condition (Figure 4 ).
EMG Recordings
An example of intramuscular EMG from IL is shown in Figure 5 .
The mean EMG amplitude of GM during the stance phase and during the swing phase was significantly higher in the inclined condition than in the two other conditions (Figure 6 ). For both the medial (SM) and lateral (BF) hamstrings the inclined condition showed significantly higher mean amplitude during the stance phase ( Figure  6 ). No significant differences were observed for the AM. In the reclined condition the RF showed a significant and much higher mean amplitude during the stance phase ( Figure 6 ). No significant differences were found for the VM. The IL muscle showed a marked and significantly higher mean amplitude during the stance phase in the reclined condition, while during the swing phase the IL amplitude was significantly higher in the inclined condition ( Figure 6 ).
Discussion
The hip joint flexor moment in the last half of the stance phase was significantly higher in the reclined walking condition compared with the inclined condition. This was not accompanied by an increased EMG amplitude in either RF or IL. Both muscles showed higher activity during the first half of the stance phase, but the peak level was only about 5% of maxEMG for the IL and about 12% for the RF and at the time of the peak hip joint flexor moment during the last half of the stance phase the RF and the IL were virtually inactive. However, considering an electromechanical delay (relaxation time) the IL activity may have contributed to the hip joint moment in the reclined condition, but only to a small degree. This corroborates Cappellini et al. (2006) , who found very low activity in the iliopsoas muscle during walking at 3 and 5 km/h We did not record from the sartorius and the tensor fasciae latae muscles, since these muscles are most likely too weak to contribute significantly to the hip flexor moment during the stance phase (Wickiewicz et al., 1983; Yamaguchi et al., 1990) . Therefore, it is obvious that the hip joint flexor moment has to originate from passive structures but the question is whether these structures can provide a flexor moment of sufficient size. Silder et al. (2007) and Yoon & Mansour (1982) measured the passive elastic moment at the hip joint in situ and concluded that 30-50% of the hip joint flexor moment in the late stance phase of walking would be elastic energy stored in passive elastic structures being released in terminal stance and initial swing phase to save energy. Whittington et al. (2008) also measured the passive elastic moment about the hip joint but divided this moment into a contribution from uniarticular and biarticular components. The uniarticular being mainly ligaments and the biarticular being two-joint muscles like e.g., the rectus femoris muscle. The latter was investigated by measuring the elastic moment during hip joint extension with the knee joint in various Figure 3 -From top to bottom: angular velocity, moment and power of the hip joint during the gait cycle and during the reclined, normal and inclined walking condition. Muscle power was calculated by multiplying angular velocity by moment. Negative power indicates eccentric contraction of the dominating muscle group and positive power concentric contraction. The areas under the power curve (work) were identified and termed a1, a2 and a3. For a1 significant differences were found between the inclined and the reclined condition (*a, p < .001) as well as between the inclined and the normal condition (*b, p < .001). For a2, significant differences were found between the inclined and the reclined condition (*c, p < .001) as well as between the normal and the reclined condition (*d, p < .001). The solid lines are averaged from nine subjects and the dotted lines are ± 1 SD. The vertical dotted lines indicate average toe-off. positions of flexion. It was concluded that a passive elastic hip flexor moment of approx. 88 N·m/kg × 100 corresponded to approx. 35% of the moment observed during human walking and the rectus femoris muscle contributed by transferring energy from the knee joint to the hip joint (Whittington et al., 2008 ). In the current study peak hip joint extension concurred temporally with the peak hip joint flexor moment late in the stance phase at about 50% gait cycle (Figure 4) . The IL and the RF muscles were hardly active and the flexor moment was approx. 130 N·m/kg × 100 for normal walking, a little higher in the reclined condition and a little lower in the inclined condition (Figure 4) . A passive moment of 88 N·m/kg × 100 would in the current study correspond to 67% of the hip joint flexor moment leaving approx. 30% of the moment unexplained. The RF was hardly activated during the second half of the stance phase in the current study. However, even at a low contraction level the RF will probably become much stiffer and thereby offer more resistance to the hip joint extension and maybe provide the remaining 30% of the hip joint moment. Another possibility is the adductor magnus muscle, which was active in late stance but below 10% maxEMG (Figure 6 ). This muscle can actually flex the hip joint via its most anterior fascicles, which take origin on the pelvis and the adductor brevis has the same possibility. However, the level of adductor activity was only 5-10% maxEMG. Since we only recorded the iliacus muscle and not the psoas major muscle, we cannot exclude that this muscle contributed to the hip joint flexor moment, despite the reported observation that the iliacus and the psoas major muscles in most cases are coactivated (Andersson et al., 1995) and indeed during walking (Andersson et al., 1997) . It should also be taken into consideration that the maximal EMG amplitudes were measured during isometric conditions. For IL a trunk position similar to normal walking was Figure 4 -Joint moments and joint angles in the sagittal plane for ankle, hip and knee joint averaged for 9 subjects with 3 trials per subject. Moments are relative to body mass and the duration of the gait cycle is normalized to 100%. Filled circles represent normal walking, open circles walking with the upper body inclined and filled triangles walking with the upper body reclined. One asterisk (*) indicates a statistically significant difference between the inclined and the other conditions. Two asterisks (**) indicate a statistically significant difference between the reclined and the other two conditions.
Figure 6 -Linear envelope EMG from 7 muscles during the 3 walking conditions. The amplitudes are expressed in percentage maxEMG measured during isometric conditions. Black lines represent normal walking, and, as shown in the online PDF, red lines represent walking with the upper body inclined and green lines walking with the upper body reclined. Each curve is an average of 9 subjects and 10 gait cycles were averaged for each subject. One asterisk (*) indicates a statistically significant difference between the inclined condition and the two other conditions, two asterisks (**), a significant difference between the reclined condition and the two other conditions. used indicating that muscle length would be shorter in the inclined condition and thereby produce somewhat less force for the same EMG and vice versa in the reclined condition. Considering all the above-mentioned influential factors, it is likely that approximately 70% of the hip joint flexor moment comes from passive structures while the remaining 30% is difficult to account for in detail.
During the swing phase but after the hip joint flexor moment, low IL activity was seen for normal and reclined walking, but for the inclined condition a much higher EMG amplitude up to approx. 23% maxEMG was observed ( Figure 6 ). Somehow hip joint flexion has to be performed by a marked activity in IL when the upper body is in an inclined position, so apparently the position of the upper body influences the activity of IL rather than vice versa. The explanation of the IL burst could be that the passive structures opposing hip extension are stretched to a lesser extent in the inclined position (as the pelvis may be forward tilted) and thereby have a reduced effect on the swinging leg and the IL will have to compensate for this. The results of the current study indicate that the leg is brought forward during the swing phase of normal Andersson et al. (1997) and Cappellini et al. (2006) for velocities below 5 km/h. In the case of Gottschall and Kram (2005) their use of surface electrodes may have caused the difference since IL is only superficial in a very small triangle and hardly during flexion. In the two latter studies it seems that the velocity of walking influences the activity of the hip flexors and when it comes to running the iliopsoas muscle is clearly responsible for the hip joint flexion during the swing phase, but maybe also for the hip joint flexor moment during the last half of the stance phase. A quite alternative suggestion to partly explain the initiation of the swing phase was proposed by Neptune et al. (2001) , who used a forward dynamics simulation of walking to indicate that the ankle plantar flexors may contribute to swing initiation. When walking with the upper body reclined increased EMG activity was seen in the IL and the RF muscles in the first half of the stance phase and in the inclined condition increased EMG activity was seen in the BF, SM and GM muscles also in the first half of the stance phase (Figure 6 ), which coincided with a significantly higher positive work done by the hip joint extensors (Figure 3) . However, no muscle activity appeared to coincide with the hip joint flexor moment in the last half of the stance phase.
Our initial hypothesis that the hip joint flexor moment would decrease in the inclined condition was correct, however, this was not followed by a changed IL EMG activity during stance, but increased during the swing phase (Figures 4 & 6) . The flexor moment did not increase as hypothesized in the reclined condition but eccentric muscle work about the hip joint was significantly higher than in the inclined condition and the IL activity was only moderately higher during the stance phase ( Figures 3, 4 & 6) .
The clinical implication of the current findings is the important information that not all net joint moments are generated directly by muscles but partly by passive elastic structures like collagenous ligaments spanning, e.g., the hip joint. This implies that an apparently normal function of a joint during walking may not guarantee that the muscles in question are functioning normally.
A functional implication of the study is that the swing phase is initiated by passive structures to a large degree so that the leg may be brought forward without the use of muscle forces. This is clearly an energy conserving mechanism which favors walking and running. However, it also reduces range of motion for the hip joint regarding extension, which may be disadvantageous in other movements. Such movements are on the other hand not likely to be as important to survival and evolution as walking and running.
It is concluded that the hip joint flexor moment is mainly due to passive elastic structures resisting hip joint extension and further that the moment is responsible for reversing hip extension into flexion, which brings the leg forward during the swing phase. The hip joint flexor moment is not responsible for keeping the balance of the upper body, which presumably has to be accomplished by back muscles and abdominal muscles and other mechanisms like accelerations of the pelvis.
